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SUMMARY

A study of the theoretical trajectories that erosive parti=-
- cles follow in the gas flow fields of a typical radial inflow
turbine is presented. Included in the study is a discussion of
‘the theoretical trajectories that the particles follow in the
scroll, in the nozzles, in the vortex between the nozzles and the
rotor, and in the rotor passages. The results are presented in
terms of the characteristic length, a similarity parameter which
relates the particles that follow the same trajectory in equiva-
lent flow fields.

The study revealed that particles with characteristic lengths
greater than about 30 cm would tend to strike the outer edges of
the scroll with moaerate angle, low velocity impacts. The
characteristic length would correspond to silicon dioxide parti-
cles of approximately B0 microns in a turbine which has an inlet
stagnatibn density equal to twice the density of standard sea
level air.

In the nozzles, the study indicated that particles with
characteristic lengths greater than about 15 cm tended to strike
the pressure surface of the blade, and particles with character-
istic lengths greater than about 30 cm would travel to the suction
surface of the blade before they exited the nozzle passages. The
study.also revealed that particles with characteristic lengths as
small as 0.5 cm will repeatedly striké7£he trailing edge of the
suction surface of the nozzles blades with relatively high velo-
city, and at moderate impact angles. This characteristic length
of 0.5 cm corresponds to a silicon dioxide particle of approxi-
mately 2 microns in a turbine which has an inlet stagnation density
_equal to twice the density of standard sea level air.

In the vortex, the results revealed that particles with
characteristic lengths between about 0.5 and 30 cm would tend to
move in the vortex region without penetrating to the rotor.
_particles with characteristic lengths smaller than 0.5 would



probably penetrate the rotor without striking the blade surfaces,
and particles with.cﬂaracteristic lengths greater than 30 cm

seem to penetrate into the tip region of the rotor, oniy to be
struck by the rotor tip. Particles with a characteristic length
of 0.5 cm correspond to a silicon dioxide particle with a diameter
of approximately 1.5 microns in a turbine which has an inlet
stagnation density equal to twice the density of standaxd sea
level air.

The motion of particles in the rotor revealed that the parti-
cles with characteristic lengths greater than about 15 ¢m would
be overtaken by the rotor, which would strike the particle and
accelerate in it to quite high tangential velocities. This would
cause the centrifugal forces to be great enough to push the
particle outward against the gas flow until the particle struck
the nozzle blade trailing edges. These particles would strike the
‘rotor tip with a high velocity and with an almost perpendicular
impact angle. Particles with characteristic lengths smaller than
about 6 cm would tend to pass through the rotor, if they could
be made to penetrate the vortex region.

These theoretical trajectories were also analyzed to consider
the particle velocity lag, the ratio of the particle velocity to
the gas velocity, and the deviation angle, the difference between
the direction of the pérticle velocity and the gas velocity.

This information allowed an anlysis of the acceleration charactexr-
istics in the vortex region, which revealed that particles with
characteristic lengths between 3 and 300 cm all tend to accelerate
outward away from the turbine axis.

Two design concepts were considered to provide mechanisms
that might help to reduce the amount of erosion that occurs in
the radial turbine. The theoretical effectiveness of these
mechanisms in removing the particles that accumulate near the
rotor tip was studied.

The first concept is to combine an axial type nozzle with a
radial turbine. Between the nozzles and the rotor there would
then exist a 90° bend that would turn the whirling flow into the



rotor. Such a configuration might allow installation of an
opening in the bend wall that would capture particles that bounced
in this region. The study of the trajectories in such a flow
field revealed that particles with characteristic lengths greater
than 60 cm could be effectively removed in this way. This
characteristic‘length corresponds to a silicon dioxide particle
of approximately 160 microns in a turbine which has an inlet
stagnation density equal to twice the density of standard sea
level air. : '
' The second concept is to design a rotor blade that has a
forward sweep, which would tend to deflect particles into the ro-.
tor. This boost might allow more particles to penetrate the rotor
and reduce the amount of erosion caused by the accumulated parti-
-¢cles in the vortex region. This study revealed that most of the
larger particles, with characteristic length greater than 10 cm,
would probably be deflected inward by such a rotor blade, and
might possibly penetrate far enough to pass through the rotor.
Experimental results are presented that illustrate the phenom4
ena of particle motion in the nozzle and vortex region of a radial
turbine. These results demonstrate gualitatively the nature of
motion of particles in such a region, and illustrate ‘the accumy-
lation of particles in the vortex region.



INTRODUCTION

The purpose of this study is to investigate the erosion
pPhenomena in radial inflow turbines and to study ways of eli-
minating this erosion. The overall study includes an investi-
gation of erosive particle trajectory similarity, investigation of
the balance between radial aerodynamic drag and centrifugal forces
acting on the particles, investigation of the theoretical trajec=-
tories that particles follow as they pass through a radial inflow
turbine, and a review of the phenomena of erosion of blade mater-—
ials by the action of particles.

The results of these investigations will be published in a
series of five volumes which will cover the indicated topics, with
the fifth volume presenting the numerical programs that were
developed., This report considers the third topic.

In recent times, the problem of particle erosion has become
important due to the gsignificant decreéses in the rated operating
lifetimes and performance of gas turbine engines which are used
in dusty environments. The most significant affects of erosion
have been observed on active military helicopters, where opera-
tions at low altitudes and remote landing fields have greatly
increased the number of particles that enter the engines. Al-
though these helicopters have main engines which utilize axial
flow turbines, some algo have auxiliary engines used as power
sources for special devices which utilize radial turbines, as
shown schematically in Figure 1.

Radial inflow turbines have also been used on small portable
power plants which are also likely to be used in areas where dust
ingestion will occur. Finally, radial inflow turbines are
seriously being considered for future use in transportation ve-
hicles such as trucks, buses, and automobiles. These engines
will at times have incomplete filtering of incoming air, leading
to the ingestion of erosive size particles that could seriously
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threaten the future performance of the engine.
These radial tufbine engines have, however, a more serious .

ercsion problem than axial flow turbines. In radial_turbines,
 the larger particles experience a radially outward centrifugal
force that is greater than the radially inward component of
the aerodynamic drag force. In the axial flow turbine the cen-
trifugal force acts perpendicular to the aerodynamic drag force.
Thus, in radial turbines most particles are prevented from pass-—
ing through the rotor and strike the trailing edges of the stators
and the leading edges of the rotor many times. In axial flow
turbines, the particles generally move outward to the tip region,
but all particles have a tendency to pass through the turbine.

The results presented in this report express the sizes of
particles in terms of the characteristic length. This term is
a similarity parameter which relates the particles that follow
the same trajectory in equivalent flow fields. Volume Icl)of
this series of reports explains the derivation and applicability
of the characteristic length. '

Volume II(z) explains the derivation of two épecial values
of the characteristi¢ length that are related to the flow pattern
and geometry of a radial inflow turbine. These special values
represent limiting characteristic lengths that are related to
sizes of particles which will move radially inward or radially
outward within the vortex‘region of the turbine. The first,
called the orbit characteristic length, represents the lower limit
of particle sizés that will ‘not pass through the rotor, but in-
stead will accumulate in the vortex region. The second, called
the limit characteristic length, represents the lower limit of
particle sizes that will experience an acceleration in the radial
direction in the vortex.

This study'will concentrate on the patterns of theoretical
trajectories as the particles pass through a typical radial in-
flow turbine. Included in the investigation will be the scroll,
the nozzles, the vortex betwsen the nozzles and the rotor, and
the rotor passages. 1In each of these passages, the movement of



the particles will be considered and the nature of the ‘impacts on
the surfaces of the contours and blades determined. This infor-
mation will be useful in evaluating the ability of new turbine
designs to reduce the severity of erosion.

These theoretical trajectories will also be analyzed to con-
sider the particle velocity lag, the ratioc of the particle velocity
to the gas velocity, and deviation angle, the difference between
the direction of the particle velocity and the gas velocity. This
information will be useful in evaluating the limit characteristic
length which is dependent upon the velocity lag, and was derived
based upon the assumption of zero deviation angle.

There are two design concepts which show promise as mechan-
isms that might reduce the seriousness of the erosion problem in
the radial turbine. Both of these concepts will be considered in
terms of their effectiveness in removing the erosive size particles
from the rotor tip region.

The first concept is to combine an axial type nozzle with a
radial turbine rotor. Such a designlrequires that a 90° annular
bend turn the whirling flow into the rotor passages. 'This de-
flection of the flow would allow the installation of slots on
the outer wall of the turning vortex, and a properly designed
slot would capture the particles that accumulated in this region.

The second concept is to design the rotor blade with a
forward sweep so that particles that entered and accumulated
near the rotor tip would perhaps be deflected inward. If the
inward deflection were of a large'enough magnitude, the particles
would leave the rotor exit and be removed from the vortek-rotor
tip region.

Experimental results are presented that illustrate the
phenomena of particle motion in the nozzle and vortex region of
a radial inflow turbine. These results demonstrate gqualitatively
the nature of the motion of particles in such a region and il-
lustrate the accumulation of particles in the vortex region.,

There are many reports that have dealt with the motion of
particles in a gas flow field. Several authors have concentrated



on the effect of particle motion in flow fields that are treated
a8 two phase flows. Reference (3) considers the effect of such
pParticles on the performance of a one-dimensional nozzle, while
Reference (4) considers the same effect on an axisymmetric nozzle.
These authors treat the flow in terms of a two-phase flow with
‘the gas and solid particles satisfying continuity, momentum, and
energy considerations.

Reference (5) takes this same approach in considering the
effects of the particles in the flow field of a two-dimensional
axial flow nozzle passage. ,

The information from such an approach is useful, but the
problem becomes quite complicated with the addition of variable
particle sizes and densities, and the realization that each
Species of particle must satisfy continuity, momentum, and
energy equations. In addition, this type of solution does not
provide information about trajectories, which is required if
‘conclusions about the locations and magnitudes of erosion are
to be considered. ,

Most other authors consider the trajectories of particlez in-:
detail and assume that the particles have no influence on the
gas flow. References 6 and 7 present results for cascades and
annular flow geometries respectively. The analytical parts of
these reports result from the integration of the eguationsg of
motion of a particle superimposed on the flow field. This same
method will be used in"the development of the analytical work
that will be presented here.xr .

References 8 and 9 report the results of test programs
where controlled sand ingestion into an actual radial inflow
turbine was performed. These reports provide evidence concern-
ing the primary places that erosion will occur and the serious-
ness of such erosion.

Several additional references which discuss special topics
were cited and will be discussed at the locations where they
are first indicated within the text.



MODELS

Two slightly different turbines have been used in the re-
sults presented in this report. For the analytical work and the
numerical solutions for the particle trajectories, a typical
model turbine configuration was selected, and the flow fields
throughout the turbine determined. For the experimental results,
a slightly different model turbine was used. This part of the
report will describe these models in detail.

Analytical Model Turbine

The general characteristics of a typical radial inflow
turbine were selected as the basis for development of a model
turbine for the analytical work'preSehted in this report.

Figure 2 shows the details of the turbine configuration.

The configuration included the scroll, a free vortex that con~
nects the scroll to the nozzle blades, the nozzle blade passages,
a free vortex after the nozzle blades, and the rotor. These '
regions are assumed independent of each other and the exit
conditions for one region are used as the inlet conditions for the
next region. The interface between these regions are indicated

in Figure 2, while Table I gives the details of the dimensions

at these locations.

The general characteristics of the turbine werxe that it
have an equivalent flow rate of 0.220 kg/sec, with a total to
total efficiency of 88%. The equivalent rotating speed was
30,800 rpm. Pigure 3 indicates the velocity diagrams that des-
cribe the direction and magnitude of the flow at the inlet and
exit stations of the nozzles and rotor.

The gas flow in the scroll is assumed to be incompressible,
and the scroll sectional area is assumed to change in direct
proportion to the decrease in mass flow that occurs as the gas
enters the nozzle-vortex region. Based on this, the velocity



of the gas across the scroll sections is constant and uniform.
Although this solution is quite simple compared to the compli-
cated nature of the three-dimensional problem, it does provide

an approximately realistic gas flow field into which the particles
can be introduced.

The full three-dimensional solution of the scroll flow
field would add axial components to the radial and tangential
components of the gas flow. The added axial component would
accelerate‘the'partibles in the axial direction and probably
influence in a minor way the trajectories in the vortex and
nozzle regions. However, because the magnitudes of the velocities
are more than an order of magnitude greater than in the vortex
regions, and these velocities are predominantly in the tangen-
tial and radial directions, the effect of the axial components
of the particle velocity that results from three dimensional flow
in the scroll will probably be small.

Figure 4 illustrates the contoured and free vortex region
that exists between stations 2 and 3. The flow in these regions
along the center line are assumed to satisfy requirements of
constant angular momentum and continuity. These flows, as well
as the flow in all remaining regions of the turbine, are com-
pressible. Volume II of this set of reports contains detailed
derivations of the equations that describe the gas flow in the
inward moving free vortex. Because the motion of particles in
the scroll was assumed to ogcur in the plane of the section cen-
ter, all particles entered the contoured vortex region at the
center where there are no axial velocity components., Therefore,
the particles did not strike the side walls of this region and
the effects of such impadts were not studied.

Figure 5 illustrates the nozzle blade configuration that
was selected for this analytical model turbine. There were 29
equally spacéd blades. The solution of the gas flow in the
nozzle was based on the assumption of an irrotational two-
dimensional flow field. A wvelocity gradient technique was used



to determine the flow through the passage. Although such tech-
niques are of nominal accuracy because they require determina-
tion of the blade radius of curvature, the results are sufficient-
ly accurate to study the patterns of trajectories that occur in
this region. The sclution streamlines are alsg indicated in
Figure 5. . _

There exists after the nozzles, a second free vortex that
occurs until the gas enters the rotor. This vortex also satisfies
the requirements of two-~dimensional free vortex motion as de-
scribed in Volume II(Z)

The quasi-orthogonal method given in Reference (10) was

of this series of reports.

ysed to determine the gas flow in the rotor passage. There were
12 rotor blades in the model used in this study, with no splite~
ter blades. The rotor tip diameter was 7.52 cm. Figures 6a,
6b, and 6c show three views of the solution streamlines that
occurred when this method was used. These figures illustrate
the difference in the solution streamlines that occurs when the
same rotor is used with a hot gas or an eguivalent cold gas
solution. The hot gas solution assumed an inlet stagnation
temperature of 1478°K with an inlet stagnation pressure of
8.55 atm. The eguivalent cold gas solution has inlet stag-
nation conditions that are identical to standard sea level
air. The differences result because of the differences in the
ratio of specific heats in the two cases. This ratio has
an influence on the variation of gas density across the passage.
In this investigation, only the equivalent solution was
used to study the particle trajectories. However, as explained
in Reference {l), the presentation of results in terms of the
characteristic length allows one to apply the results to any
- equivalent gas flow because different size particles that
follow the same trajectories in equivalent hot or cold gas
flows will have the same characteristic length.
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Experimental Model Turbine

At the start of this project, it was felt that there should
be an attempt to accummulate some experimental data in the form
of high speed motion pictures of particle trajectories in the
radial inflow turbine. This led to the development and subse-
guent construction of a model turbine that would allow the
collection of such data.

Figure 7 shows the details of the experimental turbine
configuration, and Table 2 gives details of the dimensions.

In this particular turbine, the arrangement of the scroll was
chosen to give a flat surface on one side of the passage so
that a plastic cover could be attached to the front of the
.turbine. As shown in the figure, this plastic cover made up
all of one side of the turbine and allowed the taking of high
speed motion pictures that illustrate the phenomena.

Figure 8 shows the inlet velocity diagram at the rotor
inlet for the case of maximum rpm. Because of the nature of
the data to be taken, a flat plate rotor with 16 blades was
used. This flat plate rotor was limited to a maximum rotating
speed of 2000 rpm, and this limited the equivalent weight flow
with the rotor installed to 0.060 kg/sec. Only particle tra-
jectory characteristics at the vortex and rotor inlet were
considered, and no attempt was made to study the performance
of this turbine or to determine possible performance levels.

In addition, a set of 18 flat plate nozzles were used
instead of a contoured nozzle blade as used in the analytical
turbine model. Figure 9 shows the characteristics of this
nozzle blade. The gas had an exit angle of approximately 70°
at the nozzle exit.

11



ANALYTIC PROCEDURE

The analysis of particle trajectories in a fluid flow
field not only require the solution of the flow field but also
require the equations of motion of a particle. This part of the
report will present the derivation of these equations of motion
as well as presenting a brief review of the results that have
(1) and II(Z)

on erosion in radial inflow turbines.

been presented in Volumes I of the complete report

Equations of Motion of Particles in a Rotating Reference Frame

The equations of motion of a particle in a rotating refer-
ence frame must be derived and understood if the trajectories of
particles in turbine rotors is to be determined numerically. 1In
addition, these equations are the basis upon which similarity para-
meters and related terms are derived.

The equations of motion of a particle in a cylindrical co-
ordinate system offers a basis for determining the parameters that
will be most influential in determining the properties of particles
that will have similar trajectories. The most general case will be
that of the dynamic equations of three-dimensional particle motion
in a rotating reference frame. Figure 10 illustrates the co-
ordinate system used throughout this report.

The position of the particle with time is given by

r=re. +32e, (1)

Because we have not yet restricted the problem to one of
rotation about the z-axis, E% is a unit vector which has a direction
that changes with time. Also, because the origin of the rotating
reference frame will be taken as the same point as the origin of
the inertial reference frame, the position vector is the same in
both rotating and inertial reference frames.

12



Taking the derivatives of the position vector, Equatidn (1),
with respect to time in the absolute reference frame gives

- . de de de
dr dr — r 8§z - : r 2
dt _ st °r- st T se Sz T ¥ a t?ax
de de
sr = 80 - |, 6z = r €z
= + —_— -_— = -
3t er r 5 e, + 5 ez + r It + z T {(2)

The first three terms of Equation (2) represent the velocity
vector with respect to the rotating reference frame. If the velo-
city is zero in the rotating reference frame, then the first three
terms are zero and the last two terms must therefore describe the
rate of rotation of the rotating coordinate system. Thus, for this
case where the velocity of a particle with respect to the rotor is
zero, the particle velocity in the absolute reference frame is

d¥ _ — _ =
EE—Q.XI (3)
where_ﬁ is a vector which points in the axial direction and which

has magnitude equal to the rotating speed.
In general then, Equation (2) can be written

where 8T/5t represents the particle velocity with respect to the

rotor. ‘ :
It is useful to note at this point that if ¥ had been a

vector, g, located at some other point than the origin. And if

—

q=aq, E} + q, e, *+4q, 8, | (5)
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then

83 _ 8 14 z9+4 @ 59+ (q 3

E% T dt (q, er) + 3 (ag e) + FE (qz ez)
ile | 8g . .8g

_ _r = 8 = zZ = 88 =
=3t S T Tt %% tiE Sz 7T % 3T %

de de de

§g - r 2

gy ze St oFgE t9 aE t 4q, 3t . {6)

where Equation (6) represents the rate of change of the vector a
with respect to time in the inertial reference frame. As in the
case with ¥, if q is not allowed to move with respect to the ro-
tating reference frame, then

(2]

EEE.m 0
= I

3

o
5t

6g se. se
Rz _ r _ e _
== 0r 55 = 0 5 0 (7)

=0,
The last two equations result from the fact that the rate of change
of Ee and E; with respect to the rotating reference frame are also
zero in this special case where g is fixed in the rotating refer-
ence frame. Therefore, for q fixed in the rotating referemce frame

_ as as. e
d e z o
H%'=‘qr dtr + qe dt + 9, JE (8)

But if g is fixed in the rotating reference frame, the rate of
change of q with respect to time in the inertial reference frame
is just the rate that g changes direction. This rate is given
by @ x q.

Thus, for any vector g,

——

a7 _8F L = . = "
H% ".é% + 0 xq (9)
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where dgq/dt is the time rate of change of q with respect to the
inertial reference frame, 6g/6t iz the time rate of change of g
with respect to the rotating reference frame, and @ x g represents
the rigid body rotation of g about the axis of rotation.

Using the concept expressed in Equation (9), the acceleration
vector can be determined by differentiating the velocity vector,

2— -
‘@t a ,8r, ,d ,= _ =
— = — () + == (0 x xr)

g2 dat '8t dt
_ % - 8F @R -, 5, df
- at2 st at dt : {10)
—ﬁ+2§xp—i+“-@~xf+§x(§xg)
T st st dt

4

For the case of steady rotation about the z-axis with a
rotating speed, w, and using ¥ = r §¥ + z é;, this acceleration
vector becomes,

a’r

- §°r Y] 86 2, —.
a = -_-.[ r(........—) 2rm._._.—rw]e
PR 02 Tt 5t
524 ST 66 'é£' _
rletgr it e S
' 622
+ e : ' (11)
st2 2

where §/6t represents the time rate of change of r,,é, or z with
respect to the rotating reference frame.
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Newton's Second Law,F = ma, is used to relate the accelera-
tion vector experienced by the particle and the resultant force
that acts on the particle.

The forces that act on a particle include aerodynamic forces,
gravitational forces, and electrostatic forces if the particle
carries a charge. Electrostatic forces on charged particles can
in some cases be quite significant in affecting the trajectories
of the particles. However, to be significant, additional devices
would have to be added to a turbine engine to generate an electric
field within parts of the flow passage, and to charge the particles
in some way. Because such devices are beyond the scope of this
project, electrostatic forces will be neglected.

" In order to consider gravitational forces, the orientation
of the turbine with respect to the vertical and horizontal plane
must be defined. Figure 11 shows the arrangement of these axes.
The wvertical axis of the turbine is the axis from which ¢ is - '
measured. The angles ¢ and o are shown in the positive direction,
and based on this figure, the weight force vector is

W==-mg cos (8 + q) E; + mg sin (8 + ¢) - mg sin ¢ Eé (12)

In order to estimate when the influence of gravity will be
important, consider that the distance traveled by a particle fall-
ing free in a vacuum will be

If we require that the allowable error in trajectories is
0.01 cm between the case with gravity included and the case
neglecting gravity, then solving the equation above indicates that

t < 0.0032 seconds

Therefore, if in our numerical solutions, the time should exceed
0.0032 seconds, then gravitational forces should not be neglected.

16



It was found that particles travelling in the scroll did tend to
remain in this region for times greater than 0.0032 seconds, and
therefore, it was necessary to include the affect of gravity.

For nonspherical particles, the aerodynamic forces will in-
clude drag, lift, and moment forces. Because most particles will
spin rather than remain at some definable angle of attack, moment
and lift forces are neglected and only drag forces are congidered.
This drag force acts in the direction of the air velocity with
respect to the particle velocity, and is given by
2 A \' Y

b P acy 58, + —l8 +—25)] (14)
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is the relative velocity of the gas with respect of the particle.
The components of this relative velocity vector are

‘Gr
Ve = VW, T 3%
_ - 88
Vo = Wy ~ TSE (16)
53z
Vg, =W, = 3¢

where Wy Wor W, are respectively the radial, tangential and axial
components of the gas in the rotating reference frame in the most
general case, and sr/ét, r 868/6t, and §z/8t are respectively the
radial, tangential and axial velocity components of the particle.

It should be noted that when w in Eguation (11) is zero, correspond-
ing to no rotation of the reference frame the relative velocities

W W and W, become absolute velocities.
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Collecting the components of the acceleration drag, and grav-
ity forces through Newton's Law yields

2 2 1 pvaCD v -
G_r - (ﬁi) -2 7w 86 - r w = T — - g cos (8+0) {(17a)
P SE 3 ||

t

24 sr 80 sro_ 1 pVZACD Va
r —7 + 2 s E + 2w -(S—E = 5 - — + g sin (8+0) {17b)
5t [V]
‘622 1 pvaCD v '
—5 =3 — = - g sin ¢ (17¢)
st |v ]

In some cases, these equations apply in the regions of the
turbine where the flow field is viewed with respect to an inertial
system, Such a situation occurs in the nozzle and vortex regions
of the radial turbine, and in these regions, a less general set of
equations of motion can be used. Setting w = 0 in equation 17 gives

2

.2 s 2 .. oVAACL V.
d°r de 1 D'r
— =~ (5—=) = = —— = g cos (8+0) (18a)
dt dt 2 m |V|
de dr da 1‘pV2ACD'Ve
Y —— 4+ == = = + sin (0+o) (18b)
7 " at - T 9
dt dt 2 m |V|
2
QEE =1 oY Ap 7 g sin (¢} (18¢)
= J— — c
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where again it is important to note that the velocities vr, Y
and V, are the components of the gas velocity with respect to the
particle.

' The drag coefficient of a spherical particle is well estab-
lished experimentally over a large range of Reynold's numbers.
Because of the significance of Cp in Equation (17) , a discription
of Cy in algebraic form is necessary for the numerical solution of
the particle trajectory. The value of C, was determined by using
the following relations.

24
CD = 4.5 + EE Re < 1.0 . (19a)

1

C, = 28.5 - 24.0 (Log Re) + 9.0682 (Log Re) 2

1.7713 (Log Re)>3 + 0.1718 (Log Re)? = 0.0065 (Log Re)>

1.0 < Re < 3000 (19b)

-5

c. = 0.4 3000 < Re < 2.5 x 10 (19¢)

Where the Reynold's number is expressed as Re = Pq v Dp/“g with
the velocity V representing the absolute value of the difference
between the gas velocity and the parﬁicle velocity. These
formulas were based on the drag doeff;cient versus Reynold's
number data such as contained in mahy'Eéxt books, and are plotted
in Figure 12 to demonstrate how they fit various data points.

The purpose of this part of the progress report has been to
derive the équations of motion of a particle in a rotating refer-
ence frame. These equations are integrated numerically to yield
the position and velocity of particles in the radial turbine.
Specific information on the integration methods and computer pro-
~gram will be contained in Volume V of this series of reports.
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Similarity and the Force Balance Acting on Particles

References 1 and 2 present ideas that will be used in this
work. Therefore, a brief outline of the results presented in those
reports will help to emphasize and illustrate some of the results
presented in this report.

Reference 1 describes the derivation and appllcablllty of
a similarity parameter that allows particles which follow a certain
trajectory in a real gas turbine to be related to a particle that
will follow the same trajectory in an equivalent cold gas turbine.
The similarity parameter is a characteristic length and is given
by the following equation

_lO"pD‘ ‘
$ == g (20)

This similarity parameter results from the matching of the inertial
and drag forces acting on a particle. The results presented in
Reference 1 demonstrate that this parameter can be used in flow
fields similar to those that occur in a radial turbine.

The characteristic length is a useful parameter because it
allows the grouping of several variables that influence the trajec-
tory of a particle into a single term. This allows a much wider
range of applicability of trajectory data and allows the use of
data from eguivalent cold flow turbines and cascade tunnels.

In the subsequent work presented in this report, the wvari-
ables are grouped together and comparisons are made with variations
of particle size in terms of the characteristic length.

Usually, the critical gas density is used as the gas density
upon which § is based. This is in agreement with the ideas of
similarity and equivalent flow fields and allows a constant value
of § throughout all flow fields. In the case of the rotor, the
inlet critical density is used. '

Reference 2 describes the derivation and applicability of
several special values of characteristic length that have signi-
ficance in terms of whether a particle will move radially inward
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toward the axis or radially outward. These terms are derived by
balancing the radial component of the aerodynamic drag force and
the centrifugal force.

The first is designated as the orbit characteristic length

§; and is given by

I

5o = —7R— - (21)

tan” 8g

In this expression, r is the tip radius and Bg is the direction

tip _
from the inward radial line of the gas velocity vector. Using
this, the criteria for a particle that is to penetrate the vortex

and rotor flow fields is

§ < &, (22)

For the analytical model turbine used here, 8§, = 0.5 cm,
and for the experimental turbine used in the high speed motion
picture studies, §, = 1.15 cm. These values correspond to
silicon dioxide particles of approximately 1.4 and 3.2 microns
respectively in an equivalent turbine which has an inlet stag-
nation density equal to twice the density of standard sea level
air. As an example, such a density would occur in a turbine with
inlet stagnation conditions of 1111 °x and 7.7 atm.

A second special value of characteristic length is also _
presented in Reference 2. This value, called the limit character-
istic length, represents the limiting size of particle ‘that will
first experience an acceleration in the radial direction. Such
an acceleration must occur if the particle is_to‘reVerse”itsr
radial motion and become trapped in the'vortek-rotor tip region of
the turbine. The limit characteristic length is given by

_ (l—:)2 rtip‘cos_ﬁg .
L= T2 ) * (23)
4 sin™ Bg
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In this equation, ¢ is the velocity lag, defined ag the ratio

of the particle velocity to the gas velocity. The c¢riteria for

particles that are not to experience a radially outward acceler-
ation throughout their motion through the free vortex and rotor

regions is

§ < 8, _ (24)

The problem with evaluation of the limit characteristic
length such as given in equation (23), ig that typical values
of the velocity lag, z, are not known for radial turbines. With
the determination of this term, a measure of the limit character-
istic length will have been completed. 1In addition, the deri-
vation of the limit characteristic length requires the assumption
that the deviation angle must be zero.  The analytical results
that are presented in the following will consider these terms at
several locations in the turbine.
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ANALYSIS OF TRAJECTORY PATTERNS

Four distinct regions of the flow through a radial inflow
turbine were selected for study of the patterns that particles
follow as they pass through the turbine. These regions included
the scroll, the nozzles, the free vortex region between the nozzles
and rotor, and the rotor région. The study, which includes all of
these regions, considers a set of particles that are traced all
the way through the system. The sizes of these particles is such
that they all fail to penetrate the rotor and therefore, would
be of the type that would cause erosion.

Table 3 indicates the characteristics of the particles
that were traced through the turbine. The code designation indi-
cated on this Table is a set of three numbers that are used to
identify the particles in the various flow regions. The first
number in the code refers to the particle's characteristic
length. A range of particles sizes corresponding to character-
istic lengths from 3 to 300 cm was selected for the study. This
corresponds to silicon dioxide particles with diameters from
about 8 to 800 microns, in an equivalent turbine that has an in-
let stagnation density equal to twice the density of standard
sea level air. | _ . ,

The second number in the code refers to the percent velocity
lag at the scroll inlet. It should be noted that the velocity
lag used in the code refers to the veloecity that the particle has
" at the scroll inlet only. As the gas tends to accelerate or
decelerate the particle, the particle is not restricted to the
velocity it has at the inlet to the scroll but is free to
accelerate and decelerate,

The third number of the code refers to the position at the
scroll inlet. The number represents the percent of the radial
gpan measured from the smallest radial dimension of the scroll
inlet section. As in the previous case, this refers only to the
initial point from which the trajectory of the particle is traced.
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'In the figures that follow, this code is included with the tra-
jectory to specifically designate the particle.

Scroll

Before the gas enters the nozzle and vortex regions of the
radial inflow turbine, it usually enters a scroll which is designed
to distribute the air uniformly into the nozzles. Usually the
velocities in the scroll are relatively small compared to the velo-
cities that occur in the vortex regions of the turbine. However,
to gain a better understanding of the nature of the particle tra-
jectories throughout the turbine, it was decided to consider the
trajectories in the scroll flow field.

Figure l1l3a indicates the patterns that occur as particles
with characteristic lengths equal to 15 cm pass through the scroll.
These trajectories reveal that particles of this size generally
do not strike the scroll surfaces, but instead tend to move with
the flow into the nozzle regions. Similar results were observed
when the trajectories of particles with characteristic lengths of
3 and 6 cm were plotted. The only difference between the tra-
jectories for these small particles and the particles with char-
acteristic¢ length equal to 15 cm was the angular position where
the particle left the scroll, The smaller particles tended to
leave the scroll at a smaller angular position than the larger
particles that started at the same position.

The trajectory pattérns that occur for particles with char-
acteristic lengths equal to 30 cm is illustrated in Figure 13b.
This size particle tends to move outward from the axis and even-
tually strikes the scroll outer surface. After striking the
scroll, all particles of this size tended to bounce many times,
almost tangentially, as they moved along the scroll contour.
Eventually, .these particles struck the portion of the contour
that is suppressed to prevent interference with the scroll inlet,
Once the particles bounced off this suppressed contour, they
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entered the nozzles at approximately the same location. Some of
the trajectories are truncated at the point of the first bounce
to avoid a confusing figure. These ﬁrajectories showed the same
characteristics as the trajectory which is traced all the way
around the scroll. _

Figure 13c illustrates the trajectories of even larger
particles with characteristic lengths of 60 cm. This figure in-
dicates that as the particle size increases, the distance between
bounces appears to increase with a corresponding decrease in the
number of bounces. Near the end of the scroll contour, these par-
ticles start to follow the contour and eventually strike the
suppressed contour as in the previous case. When this occurs,
the particles bounce into the nozzle region of the turbine at
approximately the same location. Two trajectories are truncated
at the location where the first bounce occurs. These trajec-
tories showed the same general trend as the trajectory that was
traced all the way around the scroll contour.

A similar trace of the trajectories was done for particles
with characteristic lengths of 150 cm. These traces showed the
same general trends as indicated in Figure 1l3c, with the ex-
ception that the larger particle tended to travel longer distances
between bounces with a corresponding decrease in the number of
bounces. ) . ‘ , - _ . o
Finally, Figure 13d illustrates the trajectories of very
large pafticles with characteristic lengths of 300 cm. These tra-
jectories reveal that particles of this size bounce few times and
tend to travel quite large distances between their bounces. Be-
cause the distances between the trajectory and the scroll contour
are quite large at places, these particles did not strike the sup-
pressed scroll contour at the location where the suppressed con-
tour joined the scroll contour. Two of the trajectories are trun-
cated at the location where they crossed the lower trajectory.
These trajectories showed the same general trends as the trajectory
that was traced all the way around the scroll.
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These trajectories have revealed that particles with char-
acteristic lengths of 30 cm or greater will tend to move radially
outward and strike the outer regions of the scroll contour. In
addition, the portion of the scroll that is usually suppressed to
avoid interference with the inlet portion of the scroll will be
subject to a great deal of erosion because most particles with
characteristic lengths of 30 cm or greater bounced on this re-
lJatively small portion of the scroll contour.

Table 4 gives the tabulated results of the velocity lag
and deviation angle of three sizes of particles as they leave the
scroll. This table indicates that the larger particles tend to
have slower veloéities as they leave the scroll, while the smaller
particles have accelerated to the gas velocity. It is interesting
to note that, except for the larger particles, the initial velocity
of the particles does not appear to have an influence on the velo-
city lag as the particle leaves the scroll. It can also be ‘seen
from this table that the larger particles that bounce off the
scroll contour appear to have a more random direction than those
particles that did not bounce off the scroll surface. These bounces
seem to have more influence on the nature of the particle motion
than the initial values of the velocity or the initial values of
the position,

Nozzles

For the patterns of particle trajectories in the nozzles,
the continuation of the trajectories of the partiéles from
the scroll were used. This was done because these trajectories -
indicated a good set of typical patterns and at the same time
allowed the study of velocity lag and deviation angle at the exit
from the stators. Figures'#4 show the trajectories for specific
sized particles, even though these particles may have gone through
different nozzle passages. Because there are 29 nozzle blades,
there are 29 nozzle passages. Therefore, the passage corresponde
ing to a specific trajectory is indicated on the figure.
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Figure 1l4a illustrates the trajectories of the smallest
size particle considered in this particular study.  The figure
reveals that particles with characteristic lengths of 3 cm
 genera11y pass through the stator blades without striking the blade
surfaces, Particles with characteristic lengths smaller than this
would also be expected to demonstrate the same general motion.

‘Particles with characteristic lengths of 6 cm will follow
trajectories similar to those illustrated in Figure 1l4b. This
size particle generally tends to move through the nozzles passages
without striking the blade surfaces, but its motion is less in-

- fluenced by the gas flow and the response to changes in the gas
motion is slower. Therefore, some of these particles will bounce
occasionally off the pressure surface of the nozzle blades. These
bounces occur at impact angles that are guite small.

'~ Similar trajectories were plotted for particles with character-
istiec lengths of 15 ¢m and 30 e¢m. These trajectory traces showed
the same general trends as Figure l4a with the exception that a
few of the particles initially struck the suction surface. These
particles then bounced over to the pressure surface side of the
passage and then out of the nozzle passage exit. The impacts on
both the suction and pressure surfaces of the blade occured with
impact angles of moderate size.

Figure 1l4c shows the trajectories of particles with char-
acteristic lengths of 60 cm. These larger particles are less in-
fluenced by the gas than the smaller particles, and the figure
shows the tendency of the particle to travel from the pressure
surface of the blade and impact on the suction surface of the
blade. The impacts on both of these surfaces tend to be at even
éteeper‘angles, and the figures reveal that most of the particles
then entering the turbine can be expected to strike the blade
surface. It should be noted that all of these particles entered
the same nozzle flow passage. This results from the fact that
these particles all follow the scroll contour until they en-
countered the suppressed scroll. This caused all of these particles
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to bounce with approximately the same angle into the nozzle region.
This same result is observed in the trajectories for particles with
characteristic length equal to 30, 60 and 150 cm, and implies that
all the particles of this size range that enter the turbine can be
expected to do erosion damage to a few of the nozzle blades near
the scroll exit.

The trajectories that were studied for the case where the
characteristic length of the particle was 150 cm indicated the
same general type of trajectories as the ones shown in Figure ldc.

Finally, Figure 14d illustrates the trajectories found for
very large, massive particles as they enter the nozzle passages.
Because the trajéctories of these particles are dominated by in-
ertial forces, they tend to bounce many times before passing through
the stator passages. The bounces that do occur, happen with impact
angles that are quite steep and with velocities that are relatively
low.

Table 5 lists the velocity lag and deviation angle at the ex1t
£rom the nozzles. As expected, the velocity lag decreases rapidly
as the particle size increases. Within the data for velocity lag, .
it can be observed that there is no trend that can be related to
the initial velocity of the particle at the scroll inlet. In
addition, the deviation angle still shows a fairly wide distrie~
bution for the larger particles. This wide distribution is caused
by the apparent random nature of the bounces.

After these particles léave the nozzle pasgsages, they enter
the free vortex between the nozzles and the rotor. Some of the
particles did not penetrate to the rotor, but instead reentered
the nozzle passages near the nozzle trailing edges. Other parti-
cles entered the rotor at relatively low velocities, only to be
struck by it and accelerated to high velocities. These particles
then travelled radially outward.

The results presented in subsequent sections of this report
will reveal that particles with characteristic lengths of 3 ¢m
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did not tend to penetrate the vortex. The motion of these parti-
cles as they reentered the nozzle passage is shown in Figure 1l5a.
This illustrates that these particles are influenced sufficiently
by the gas flow to turn away from the trailing edges of the nozzle
blades if there is adequate distance available. Those particles
that do strike the nozzle surface do so with moderate angle and
high velocity. , . - ,

- similar plots for particles with characteristic lengths of
6 and 15 cm, which also did not tend to enter the rotor, indicated
that particles of these-gizZes would strike-the nozzlettralling
edge surface with many high velocity, moderate angle impacts.

Figure 15b indicates the trajectories of particles with

characteristic lengths of 30 cm. The results presented in the
subsequent sections of this report will reveal that this size
particle tends to pass through the VOrtek,_into the rotor, and
then to be struck by the rotor and accelerated radially outward
against the incoming gas. These particles were assumed to leave
the rotor with a velocity equal to the wheel speed of the rotor.
The figure indicates that particles of this size strike the trail-
ing edges of the nozzle blades with high velocity and at a moderate
angle. S A - L , ,
Similar traces of the trajectories of particles with charw
acteristic lengths of'60,_150,,and 300 cm, indicated the same
results, that_is, particles of these sizes tended to enter the
rotor and accelerated to quite high velocities. These particles
then travelled radially outward to impact on the trailing edges
of the nozzle blades with high velocity and a moderate impact angle.

It should be noted that all the particles included in this
study, except for an occasional very small particle, tended to
strike the trailing edges of the nozzle at a moderate angle
and with a high velocity.
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Vortex “

' The results that are presented in thig gection for the tra-
jectories . the particles follow as they enter the vortex, use
the .same particles that have been traced through the scroll and
nozzle regions of the turbine. This was done because the vortex
is an easily defined flow field and bedahs§ thgftrajedtOrieé'
yielded a good set of patterns. In the figures, all the trajectory
traces were begun at the same point, even though the angular
position is quite different in each case. This causes no change
in the type of movement that occurs because the flow field is
axisymetric. '

Figure léa illustrates the trajectories that occurred for the
particles that have a characteristic length of 6 cm. These parti-
cles tended to move through the vortex without entering the
rotor. The pattern that occurs in this figure results from the
slightly different exit directions of the particles as they leave
the nozzle passage.

‘ Similar results, not shown herein, are indicated for particles
with characteristic lengths of 3 cm. For this smaller particle,
the particle exit velocity magnitude and direction all tended to
be approximately the same, and as a result, these smaller particles
did not show a spread in trajectories.

A pattern of trajectories that is very similar to the one
indicated in Figure l6a also occurred for particles with char-
acteristic¢ lengths of 15 cm, The'ekception that did occur is
that one of these larger particles did enter the rotor. This -
apparently occurred because the particle bounced off the suction
surface of the nozzle blade and had a steeper inlet angle as it -
entered the vortex.

The trajectories that occur for particles with characteristic
lengths of. 30 cm are indicated in Figqure 16b. More of these parti-
cles tended to penetrate all the way through the vortex and to
enter the rotor. These particles tended to bounce more on the
pressure and suction surfaces of the nozzle blades, and therefore,
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these particles tended to have a greater distribution of inlet
angles than the smaller particles. The figure reveals that because
these larger particles do not accelerate sufficiently in the nozzle
passages, they do not have a tangential velocity great enough to
cause the centrifugal force to change the radial motion of the
particle.

Particles that had characteristic lengths of 60 and 150 cm
generally showed the samé patterns of trajectories as the particles
that are indicated in Figure 16b. Because these particles also
tended to bounce off both the pressure and suction surfaces of the
nozzle blades, the patterns of the trajectories in the vortex
appear to have a distribution, with some of the particles entering
the rotor, and some of the particles passing through the vortex
and back into the nozzle blades.

Finally, Figure l6c indicates that the trajectories occur
for the very large particles with characteristic lengths of 300 cm.
All of these particles entered the rotor with very little change
in the direction of the particle motion as the particle crosses
the ﬁortex.

Figures 16 indicate that most of the smaller particles tend
not to penetrate to the rotor, but instead pass out of the vortex
to restrike the nozzle trailing edges. However, as the particle
size increases, more particles tend to penetrate into the rotor
passages. This result was not anticipated before it occurred and
is caused by the steeper inlet directions of the larger particles
because of their impacts on the nozzle blades as these particles
pass through the nozzle passages.

Table 6 gives the results of velocity lag and deviation angle
as the particles leave the vortex. The table includes both those
particles that entered the rotor and those particles that did not
penetrate to the rotor. Of interest is the fact that the magni-
tude of the velocity lag has not changed appreciably from the val-
ues that resulted at the exit from the nozzles. However, the

31



deviation angle still shows guite a wide spread in magnitude be-
cause of the random nature of the bounces that occurred in the
nozzle passages.

Rotor

Before the solutions to the trajectories in the scroll and
nozzles had been obtained, the patterns of trajectories in the
rotor were studied. This study included a wide range of particle
sizes, with the most significant and illustrious examples cor-
responding to particles with characteristic lengths of 3, 6, and
15 cm. The study assumed inlet velocities at the rotor tip of
one half the gas velocity, and velocity directions that were in
the same direction as the gas. Table 7 compares the values of
velocity lag and deviation angle between those assumed in this
study and those that resulted from observation of particles -
through the scroll, nozzles, and vortex. As indicated, for the
case with 8§ = 15 cm, the value assumed is quite close to that
which occurs in the study. For the other caSes;_it'shOuld be
noted that the results presented here are probably conservative
because the particle would tend to have a slightly greater
velocity.

The meridional view of the rotor with the solution stream-
lines resulting from the gquasi-orthogonal method are shown in
Figure 17. This grid of guasi-orthogonals and streamlines was -
used in the solution of the particle trajectories.

Figure 18 shows the initial position that each size particle
was given and illustrates the five initial locations that were used
in order to get a distribution of trajectories. This figure
illustrates the starting points of the trajectories that are plot-
ted in the meridional plane or axial view, respectively.

Figures 19a and b show the trajectories of particles that
had § = 15 ¢m. The figures illustrate the fact that these particles
do not pass through the rotor. In addition, for particles that
enter near the suction surface of the rotor blade, the particles

32



are struck by the rotor blade baefore they can be pushed out of
the rotor by centrifugal forces. All the particles with char=~
acteristic length greater than 15 ¢m showed the same tendency,
with the number of particles that are struck by the blade in-
creasing as the characteristic length increases.

‘The trajectories that result when the characteristic length
is 6 cm are shown in Figures 20a and b. 'The meridional view of
- these trajectories illustrates the fact that these particles move
near the shroud and then tend to scrape along the shroud as they
pass through the fotor. Two of the trajectories in this figure
were truncated after the first bounce, but all showed the same
general tendency‘to scrape along the shroud. The end view, shown
in Figure 20b, indicates that these particles are driven inward by
the drag forces. In this figure, the movement of the particle
in the positive 6 direction is caused by the particle's inertia
as it penetrates deeper into the rotor. As the radius decreases,
the tangential component of the gas in the absolute reference N
frame decreases more rapidly than the particle tangential velocity.
This delay in the particle velocity causes the positiveﬁé motion
when the trajectory is viewed with respect to the rotox, and in
some cases, leads to particles that will strike the pressure
surface of the blade. :

As the particle size decreases,_the particles tend more and
more to follow the streamlines of the flow. This action tends to
prevent many of the particles from striking the blade surfaces.
Figures 2la and b illustrate this phenomena for 6§ = 3 cm. Both
meridional and end view figures show that the particles tend to
follow the general pattern of the streamlines, and thus to cause
less erosion damage. Studies done for the smaller characteristic
lengths showed the same tendencies.

Figure 22 shows the trajectories of particles that are near
the threshhold size. Indicated on this figure is the value of

Sqp1p for each of the particles considered. Those particles that

TI
correspond to'sTIP > 7.01 cm were eventually pushed out the rotor
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tip by the centrifugal force, and those partiéles that corres-
ponded to Sprp < 6.40 cm eventually passed through the rotor. The

particle with GTIP = 6.71 cm orbited the axis at a radiue of 7.12

cm for at least three orbits, and represented the threshhold parti-
cle size. The discrepancy between this threshhold size of particle
and the 8, = 0.5 cm size particle is probably caused by the over-
reaction of particle motion at the inlet to the rotor. Indeed,
particles of the 6§ = 6 cm size did not penetrate intoc the rotor.
Therefore, the applicability of §, has not been negated by this
study.

Particle Velocity Lag and Deviation

The primary purpose of the study of the particle trajectories
- through the scroll, nozzle, and vortex regions was to gain an un-
derstanding of the variation in velocity lag, z, and the difference
between the particle velocity direction and the gas velocity di-
rection.

Figure 23 shows the velocity lag that occurred at the scroll
exit, at the stator exit, and as the particle left the vortex. Tt
should be noted that the motion out of the vortex includes parti-
Cles that enter the rotor and also those particles that return to
re-enter the nozzle passage. .- .

With the information presented in Figure 23, the velocity
lag can be expressed as a function of the particle characteristic
length. This can then be used to determine:the limit character-
istic length §y, for this particular turbine. The results are

plotted on a curve of 81, versus §, as shown in Figure 24. This

figure indicates that all particles of the size range considered
in this study would tend to accelerate radially outward, because

the value of § would always be greater than 6;+ In addition, the

data seems to indicate that all particles will always have a
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tendency to accelerate radially outward. This result implies
that the other special value of characteristic length, the orbit
characteristic length, is a more realistic measure of the size of
partiéles that will always penetrate the rotor.

Finally, Figure 25 shows the variation in deviation angle
versus characteristic length. This figure indicates a greater
distribution of deviation angle as the particle size increases,
‘which is caused by the more random nature of the bounces that the
larger particles experience. In addition, the larger particles
seem to have a greater negative deviation angle, which causes
them to penetrate the vortex regions and enter the rotor with
less difficulty.

ANALYSIS OF POSSIBLE DESIGN MODIFICATIONS

This section of the report considers several special ideas
that might have value in terms of preventing the accumulation of
particles near the radial turbine rotor tip.

Particle Trajectories in a Turning Vortex

One idea for the elimination of erosive particles from the
region between the rotor and the nozzles of a radial, inflow tur-
bine, is to combine a set of annular nozzles, such as exists in
an axial flow turbine, with a radial inflow turbine rotor.

Figure 26 shows a schematic of such a configuration. The air

from the burners would pass through the axial type nozzles, causing
it to whirl as it enters the 90° bend. The whirling air would

then drive the radial inflow turbine rotor. Such a design can be
used to make a smaller diameter engine and would eliminate the
scroll type inlet that exists on most radial inflow turbines.

Such a configuration might offer advantage of increased
turbine operating duration because the erosive particles could

35



possibly be removed from the region between the nozzles and the
rotor by installing a trap that would capture the particles as
they were thrown out of the rotor. _

The purpoge of this study was to investigate the theoretical
trajectories of particles in the turning vortex. Such a
study will show the size of the particles that will penetrate
the inward flowing vortex, and the area on the shroud of the
turning vortex where the trap could most efficiently be placed
in order to capture the particles.

It is necessary to determine the fluid solution in order to
know the gas velocity components at each point in the flow field,
because these components have a significant influence on the
motion of the particles. A compressible fluid solution was
obtained. Basically, the solution assumes that there is no
variation in i = V.t a;ong the streamlines, although the wvalue

of X at different streamlines may be different, and that there
is a linear variation in the radius of curvature of the stream—~
lines between hub and shroud. The ability to vary A from hub to
shroud allows one to use the fact that for constant exit angle
blades, the tangential component of velocity varies as Va =

constant/r" where n = sin? o (11}, Figure 27a indicates the
streamlines for the solution that resulted and Figure 27b gives
the inlet and exit mean velocity diagram.

The trajectories that would result from particles having 50%
of the gas velocity at the inlet were studied, for &'s in the range
1.5 <6 < 300 cm, and for particles that entered at 20%, 40%, 60%
and 80% of the hub to shroud distance,

The study includes a set of cases where the particle travels
against the gas flow in the turning vortex, as would occur when the
pParticle is thrown out of the rotor. The rotor inlet radiug is
7.52 cm, and the region between the exit from the turning vortex,
at a radius of 8.38 cm and the inlet to the rotor was assumed to
be a free vortex.
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Figures 28a through 28h show the meridional view of the inward
turning vortex and the trajectories of particles that enter the flow
filled with a velocity equal to 50% of the gas velocity. These
figures correspond to particles with §'s from 300 cm to 1.5 cm,
and cover the general range of interest in this study. Figure 28a
shows the trajectories that resulted with § = 300 cm. Of interest
in this figure is the fact that the particles never penetrate the
vortex, but are thrown outward by centrifugal forces. Trajectories
- Wwere also studied for § = 1500 cm: and § = 3000 cm, but these cases
were not significantly different from the case with '8 = 300 cm. -
Perhaps the most important information to be learned from this part -
of the study, is that for particles having § egqual to or greater
than 300 om, as in Figure 28a, the particles would not enter the
rotor, but would remain trapped between the axial stator blades and
the rotor. These particles would cause large amounts of erosion
on the trailing edges of the stators and in very dusty environments
would accumulate until blockage occured causing a corresponding
decrease in the engine performance. The addition of a particle
trap on the shroud surface of the vortex in the form of a slot
sealed to prevent gas leakage would decrease the resulting ero-
sion to the stator blades and prevent the accumulation of particles
that collect in this region,

Figure 28b shows the trajectories of particles with § = 150 cm.
The particles shown tend to bounce many times before they eventually
achieve enough kinetic energy to overcome the centrifugal force,
Eventually, all of thesge particles are driven by the gas flow into
the free vortex between r = 8.38 cm and r = 7.52 em. The motion
of these four particles in the turning vortex is considered later
in this report. |

Figures 28c through 28f show the same types of trajectories
for various particles in the range 6 < § < 60 cm. 1In all of these
cases, the particles strike the shroud surface, which would indi-
cate that a properly located trap would capture some of the
particles..
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Finally, Figures 28g and 28h show that as smaller and smaller
values of § are used, the particles tend more and more to follow -
the streamlines and thus to not be subject to capture by this method.

Figures 29a and 29b indicate the continuation of the tra-
jectories of the particles that are shown in Figures 28b and 28c
respectively. As indicated, the particles which had § = 150 cm
tended to eventually go all the way through the vortex, but these
trajectories, which are shown in Figure 29a, did not penetrate
the free vortex that existed near the inlet to the rotor. On the
other hand, for the case where § = 60 cm, the trajectories, which
are shown in Figure 29b tended to penetrate the vortex region and
enter the rotor. This result means that the particleg with §
greater than 150 cm will tend to accumulate in the vortex region
of the turbine and thus to lead eventually to blockage of the
gas flow.

Figure 30 shows the trajectories of particles that enter
against the inward flowing vortex in a way that would simulate -
their motion out of the rotor. The turbine presently under con-
sideration for erosion treatment has an equivalent rotating speed
of 30,000 rpm. The trajectories indicated in the figure would
result from particles that leave the rotor tangent to the rotor
tip and with a tangential velocity the same as the wheel speed.

In the study indicated, the particle §'s. ranged from 1.5 to
3000 cm. Even though the previous study of particles entering the
turning vortex indicated that particles with § » 300 cm would not
tend to enter the rotor, there are conceivable circumstances where
such particles would make it through the turning vortex. There-
fore, these larger sizes were included.

The figure shows that for values of § greater than 60 cm, the
particle trajectory deviated only slightly from a straight line.
For values of § equal to 30 and 15 cm, the trajectory starts to
bend and the particle tends to be more tangent to the exit radius
as it leaves the free vortex. For § = 6 cm the particle spirals
about the axis but finally leaves the vortex. For 6's less than
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3 cm, the'particle was driven back into the rotor within a few
degrees of where it entered the vortex.

Based on this fesult, a series of trajectories were generated
to consider the movement of particles in the turning vortex as they
left the rotor inlet. 1In this study, the trajectories of particles
with 6§ > 6 cm were investigated and their inlet velocities were
approximated by assuming the particle left the rotor tangent to the
rotor tip and with a velocity equal to 100% of the wheel speed.

Thig study represents the continuation of the trajectories of the
particles that are indicated in Figure 30.

Figures 3la through 3lc show the trajectories of such particles
for the three cases where 6§ = 300, 150, and 60 cm. For § = 300 cm
the particles would bounce all the way through the vortex. Previous
results with this same size particle indicated that these particles,
if they were to enter the turning vortex, would not strike the
rotor but would always tend to be thrown ocutward.

For 6 = 150 cm, as indicated in Figure 31b, the particles of
thiz size were eventually driven back into the turning vortex and
would not overcome the gas flow. |

Figure 3lc shows the case where & = 60 cm. In this case, the
\particles were driven back into the free vortex region after being
thrown out of the rotor. This size particle would probably be
trapped permanently near the inlet to the rotor, and could not be
successfully captured by the turning vortex trap. Based on this
result, the effectiveness of a turning vortex trap in capturing
particles that become caught between the rotor and stators of a
radial inflow turbine is limited to particles with a characteristic
length equal to or greater than 60 cm. This would correspond to a
silicon dioxide sand particle in this particular turbine with a
diameter of about 100 microns. However, a significant amount of
erosion would still be caused by particles with diameters in the
5 to 100 micron range and such particles could not be successfully
eliminated from the region between the nozzles and rotor of this
particular turbine.
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Figure 32 shows the collection of information on the location
where the particles bounced off the shroud. The most effective
particle collector would be a slot centered at about 35 degrees,
with the effectiveness increasing as the width of the slot in-
creased. In practical cases, the increasing width of the slot
would probably correspond to increasing losses to the flow and
some distortion of the streamline. Such a situation would repre-
sent a trade off between the losses involved and the amount of
erosion prevention that would occur. |

In order to have some measure of the effectiveness of the
slot, a hypothetical slot centered at 35° and of varying widths
was placed on the shroud and the number of particles that bounced
within the boundaries of this slot were counted. This number
was divided by the total number of particles considered in this
study to obtain an approximate measure of the effectiveness of
Such a trap in capturing particles. Figure 33 indicates the
result of this study, and from this figure it cah be seen that a
slot width of about 20° centered at 35° would capture about 50%
of the particles that entered the turning vortex for the first
time. Those particles that were not captured at first would,
depending on their size, pass into the rotor, or perhaps strike
the nozzles and then bounce back into the turning vortex again
with a 50% chance of being captured.

Effect of Forward Swept Rotor Blades

Another concept that has been proposed as a design method
that might help prevent erosion damage to radial turbines iz to
contour the rotor leading edge in a way that would deflect toward
the axis particles that struck the rotor tip. The following re-
sults are a study of the effects of rotor leading edge contouring
in order to deflect the particles toward the center of the rotor.

In the computational model, the aerodynamic forces on the '
particles were neglected, and only the deflection phenomena that
was caused by interaction with the rotor at various points in the '
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particle trajectory were considered. Because the aerodynamic forces
always act in the inward direction, the results that are presented
here are probably conservative. However, by neglecting these
aerodynamic forces, it was not necessary to solve the gas flow

field in this complicated and unconventional blade passage.

This particular study was done guite early in the research
project and the results that are presented correspond to a rotor
with a tip of 8.66 cm with a rotating speed of 40,000 rpm. Table
8 gives the blade contour that was used. Although the dimensions
of this rotor and the rotating speed are slightly different from
the terms that have been used in all other parts of this report,
the nature of the results would not change in a geometrically
similar turbine . 1In this particular study, normal and tangential
restitution coefficients were taken as 0.9 and 1.0, respectively.

Figure 34 shows the types of trajectories that occur for an
analysis of this type. These particles enter the rotor with an
inlet angle of 70°. At the same instant that the particle enters
the rotor, the rotor overtakes the particie and deflects it in
the manner indicated in the figure. Also indicated on the figure
is the penetration, which is defined-as the ratio of the smallest
radius that the particle achieves after impact on the rotor to the
rotor tip radius. These curves indicate that the particle will
.. penetrate farther into the rotor if its inlet velocity tends to be
smaller. However, as the particle velocity increases, the effect
of the fdrward‘swept blades is less. The figures also indicate
that under certain conditions, such as in the unlikely case where
the particle velocity is equal to the rotor tip velocity, the for-
ward swept blade might not help to remove the particles from the
rotor tip region.

Figure 35 illustrates the case where the particle inlet angle
is 70° and the rotor does not overtake the particle until the parti-
cle has travelled to its smallest radius within the rotor region.
As in the previous case,.this figure illustrates that the slower
moving particles could be expected to benefit most from the forward
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swept rotor blade. Similarly, Figure 36 illustrates the case
where the particle with the same inlet angle penetrates all the
way across the trajectory before the rotor overtakes it. These
trajectories show the same trends that the two previous figures
showed.

The average value of the penetration from these curves versus
the particle inlet velocity with the inlet angle as a parameter is
plotted on Figure 37. This figure indicates that for the slower
moving particles, the rotor tip has the effect of causing the
particles to penetrate to about 80% of the tip radius for any
inlet angle, In addition, as the velocity of the particle increases,
those particles that tend to enter the rotor at larger angles tend
to not penetrate as much.

EXPERIMENTAL RESULTS

To help with the understanding of this phenomena, an ex-
perimental radial inflow turbine configuration was designed to al-
low the use of high speed motion pictures of the trajectories of
particles in the radial turbine. These films illustrate the phe-
nomena of particles accumulating in the vortex region of the radial
inflow turbine. Because of the relatively low performance levels
of the experimental turbine, the films generally illustrate qualiw
tatively the phenomena'that_occurs as particles enter the vortex
and rotor fip region.

One of the first things that was noted in thisg study was that
all the particles appear to move all the way around the scroll
before they enter the last couple of passages of the nozzles. How-
ever, this is in agreement with the analytical results because
particles that are large enough to be recorded on the film and
distinguished when the film ig developed are necessarily rather
large particles.

A second observation that agrees with the analytical results
is the motion of the particles in the free vortex region of the
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turbine, These particles were observed to accumulate in this re-
gion of the flow and to strike the trailing edges of the nozzle
blades with a large number of moderate angle impacts. Because the
- eXperimental turbine used here is a relatively low performance
device, the velocities that occur in the vortex region were much
smaller than the usual velocities in such regions.

Another observation that can be made from the movies is that
the particles tended to‘accumulate in the vortex region of the flow,
and after a relatively short period of time, there was a sufficient
numpber density of particles to apparently block the flow. If such
an event were to occur in a real turbine in operation in a very
dusty environment, such a blockage would cause an almost instan-
taneous drop in the performance of such a turbine.

Several films were taken with the flat plate rotor installed.
These films show, in addition to the previous observations, the
apparent almost perpendicular impacts that occur on the rotor tips.
This is in agreement with the results that were predicted by the
analytic study of the particlé'trajedtories in the rotor. Because
the particles used in these films had rather high characteristic
lengths, they would be expected to impact on the rotor in this way.

A study of the rotor dynamics were made from one of these
films., Initially, the rotor speed was 2000 rpm. The rather large
number flow rate of particles was started, and the particles started
to accumulate in the vortex region. During this time, the rotating
speed of the rotor decreased almost linearly, and when the particle
flow rate was stopped, the rpm continued to decrease, reaching a
minimum of about 750 rpm. This drop in rpm occurred within approxi-
mately 3 seconds, indicating the almost instantaneous decrease in
performance that could be expected. The ratio of particle mass
flowrate to total mass flowrate in this particular experiment was
0.63, which is a very high ratio and would be experienced in only
the most extreme conditions in the field.

Another film was used to accumulate data on the trajectories
of particles through the nozzle regions of the turbine. The test
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configurations did not use a rotor in this particular éxperiment
and the velocity at the nozzle exit was 0.320 times the critical
velocity and had an angle of about 70°. The data accumulated in-
cluded plots of several trajectories as the particles entered the
turbine configuration, the measurements of the velecity lag at
the end of the scroll, and at the interface between the vortex
and the nozzles.

Figures 38a through 38c illustrate the trajectories that occur
in this region of the experimental turbine. These particles were

© 2000 micron particles having a specific gravity of about 1.1.

Based on the inlet condition to the tunnel, the characteristic
length is about 290 c¢m, which is within the range of the particle
sizes that were considered in the analytical work. In some of
these figures, every other frame is used to locate the particle so
that the frajectory might be more easily observed. The time between
points is indicated to clarify the distance, measurements that can
be made from trajectory plots such as these.

Figure 38a illustrates some trajectories that are typical
of those that occurred during the movie. The increasing distance
between the points as the particle moves through the nozzles and
into the vortex illustrates the acceleration in the tangential
direction that occurs. These trajectories also show a difference
from the types of trajectory that occurred in the analytical work.
However, the nozzles that were used in that configuration required
a4 greater amount of turning of the flow than these particular
nozzle blades. These trajectories are selected because of their
general nature. '

Figure 38b shows some of the trajectories that bounce more
as they enter these nozzles. Generally, these trajectories were
typical of some of the worst bouncing particles that occurred, and
yet the particles appear to pass through the nozzle passages guite
easily. This figure also shows a particle in the scroll. This
particle is accelerating and during the time that it was observed,
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it accelerated uniformly from 0.85 of the gas velocity to 0.93
of the gas velocity.

Figure 38c shows some of the trajectories that were observed
in the vortex. These particles have previously entered the vortex
and are not moving about within the vortex region. The figures in-
dicate the moderate angle impacts that seem to occur on the trailing
edges of the nozzles. Measurements of the velocities of these parti-
cles indicated that maximum velocities in the vortex region were
about 50 to 60% of the gas tangential velocity. This is lower
than what would have been expected, and is probably caused by the
plastic bounces that occur on the nozzle blades.

Measurements of the velocities of the particles at the end
of the scroll and as the particles left the nozzle passages were
made to compare with the previous analytical results. Figure 39
illustrates the curves that resulted from the'pfeVious study of the
analytical turbine for the velocity lag as a function of the char-
acteristic length. The difference between the analytic result at
the scroll exit and the data that resulted from these experiments
is probably caused by the fact that these particular particles had
rather plastic impacts on surfaces, and therefore, lose a great
deal of momentum when they strike the scroll contour.

The comparison of the data collected here and the results
from the analytié turbine are closer and the differences could
possibly be caused by the differences in the nozzle configuration
of the two turbines. It is also worth noting that the data spread
that occurs at these locations is similar to the data spread that
occurred in the analytic turbine. This data spread is caused by
the more random nature of the trajectories of the particles that
bounce many times off the scroll and nozzle surfaces,
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DISCUSSION OF THE RESULTS

The purpose of this research has been to study the trajec-
tories of erosive particles in radial inflow turbines and to
investigate the effectiveness of design modifications in removing
these particles from the rotor tip region.

The first part of this study considered the trajectories of
particles in a radial inflow turbine, and included trajectory
patterns in the scroll, the nozzles, the vortex between the nozzles
and the rotor, and in the rotor blade passages.,

In order to describe the types of impacts that occur as the
particles strike the surfaces of the turbine, the following termi-
nology will be used. The incidence velocities of the particle with
respect to the surface will be referred to as relatively low velo-
cities, relatively moderate velocities, and relatively high velo-
cities. The low velocities correspond to incidence velocities in
the range from 0 to 46 meters/sec. The moderate velocities corresg-—
pond to incidence velocities in the range from 46 to 122 meters/sec,
and the high velocities correspond to incidence velocities in the
range greater than 122 meters per second. Generally, the high
velocities that the particle achieves are caused by the acceleration
that occurs when the pParticle impacts the rotor blade. In this
particular analytical turbine, the tap speed of the eguivalent cold
gas turbine rotor is about 242 meters/sec. fThis represents an
approximate upper limit on particle velocities.

A similar terminology will be used to describe the incidence
angles. The term low incidence angles will correspond to incidence
angles between 0° and about 15°. The term moderate incidence
angles will correspond to incidence angles between approximately
15° and 60°, and the term high incidence angles will correspond to
incidence angles greater than 60°,

Investigation of the trajectories in the scroll indicated
that the particles with Characteristic lengths of 30 cm or greater
tended to move radially outward until they impacted the scroll with
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relatively low velocity and small incidence angle impacts. Once
the impact occurred, the smaller particles tended to scrape along
the scroll surface bouncing many times and travelling very short
distances between the bounces. As the particle size increased, the
particles tended to travel longer distances between the bounces,
and there were fewer bounces as a result as the particle travelled
around the scroll., These larger particles, with characteristic
lengths of 150 and 300 ¢m, were observed to strike the scroll con-
four with low wvelocity, but more moderate incidence angle impacts.

It was observed from these trajectories that most of the
particles with characteristic lengths from 30 to 150 cm struct
the portioh of the'sc;oll contour that'is usually suppressed to
prevent it from interfering with the scroll inlet. The more rapid
change in the curvature at this location causes the particle to
suddeﬁly'bounce with a more moderate impact angle at the location
-where the scroll contour and the suppressed contour intersect.
Because most of the particles of this size range struck this re~
latively small area; this region of the scroll might sustain more
erosion damage. |

Reference 8 reported a series of experiments on a turbine
engine with controlled injection of erosive sand particles, 1In
this report, the authors indicate that their turbine scroll eroded
through, even though the particle number densities in the air
were quite moderate. Based on information included in the report,
an estimate was made of the corresponding characteristic length
of dust sizes that were used in thatftest‘pibgram. This
yvielded approximate dust sizes with characteristic lengths in the
range from 0 to 40 em. This figure is_in'general agreement with
the results indicated from the analytic trajectories presented
here for the scroll,

"As the particles enter the hozzles, the smaller ones, with
characteristic lengths of 3 and 6 cm, tend to follow the stream—
lines and not strike the nozzle blades, while the larger particles,
with characteristic lengths greater than 15 cm, tend to strike both
the pressure and suction surfaces. Most of these impacts were of
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relatively small velocity, because the particle did not have suffi-
cient time to accelerate to the‘high velocities that occur in this
region, and the impacts occurred with moderate impact angles. In
addition, because most of the particles of sizes sufficiently large
to cause erosion on these blades, also follow the scroll contour
until they strike the suppressed contour, most of the particles
tended to enter only a few of the nozzles passages near the end of
the scroll. These nozzle blades would then be more likely to ex-
perience erosion damage than most of the other nozzle blades. How-
ever, these impacts are of nominal interest because they are only
capable of causing erosion by particles that pass through the
nozzles a single time.

A more severe mechanism of erosion occurs on the trailing edges
of the nozzle blades that face the rotor. Particles with character-
istic lengths of 0.5 cm or larger do not pass through the rotor.
These particles accumulate in the vortex region and have a tendency
to strike the nozzle blade trailing edges. Some of the particles
with characteristic lengths of 3 cm that reenter the nozzle passage
flow field from the free vortex strike the trailing edges of the
nozzles with velocities that are relatively high and with relatively
small incidence angles. Other particles of this size were small
incidence angles., Other particles of this size were turned away
from the nozzle blades and reentered the free vortex without strik-
ing the nozzle trailing edge.

In addition, some particles with characteristic lengths be-
tween 6 and 150 cm tended to enter the rotor, while other particles
passed through the vortex to reenter the nozzle flow field without
penetrating to the rotor. Most of the particles with characteristic
lengths greater than 150 cm tended to enter the rotor. However,
all of these particles exhibited the same types of trajectories
as they struck the trailing edges of the nozzle blades. They all
strike this surface with relatively high velocity, moderate angle
impacts.
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These results are in agreement with comments in References 7
and 8 which report on experimental programs that used real turbine
engines with controlled ingestion of erosive particles. These
reports indicated that the greatest amount of erosion damage occur-
red on the trailing edges of the nozzle blades. The results pre-
sented in the present study indicate that these surfaces of the
nozzle blades were subjected to impacts from particles that did
not strike the scroll surfaces, and also from particles that failed
to enter the rotor. In addition, the larger particles that are
moving relatively slow as they enter the vortex region have a
tendency to penetrate to the rotor which then accelerates these
particles to relatively high velocities.

As the particles leave the nozzles, they enter the vortex
region. The study of the particles passing all the way through
the scroll, nozzles, and then the'vortek revealed that most of
the smaller particles, in the rangelof characteristic lengths
from 3 to 15 cm, did not tend to penetrate to the rotor, while
larger particles with characteristic lengths greater than 15 cm
did have a tendency to enter the vortex in such a way that these
larger particles penetrated to the rotor. This was caused by the
fact that these particles tended to enter the vortex at smaller
angles than the gas flow due to bounces off the suction surface of
the nozzle blades. These more massive particles with smaller in-
let angles were then not able to accelerate to the large tangential
velocities that are required f0f pytward motion.

In the rotor, the trajectoriés-of-ﬁheSe'larger particles that
penetrate through the vortex and enter the rotor, are modified as
the rotor overtakes the slower moving particle. Because of the
relatively slow velocity of the particle and the quite high velo-
city of the rotor blades, these impacts occur with relatively
high incidence velocities and at relatively high incidence angles.
After impact, the particle suddenly has a very large tangential
velocity, and this causes centrifugal forces that are large enough
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to cause the particle to move radially outward guite soon after the
impact. These particles continue their radial motion until they
strike the trailing edges of the nozzle blades.

| Data on the velocity lag that occurred as a set of particles
passed'through various stations of the flow indicated that the
velocity lag could be related to the particle characteristic
length. This data was used to evaluate the limit characteristic
length, and the results indicated that the characteristic length
was always greater than the limit characterisgtic length. In addi-
tion, the data indicated trends that imply that this would always
be so over a very wide range of particle sizes. The implication

- of these results is that the limit characteristic length is not a
worthwhile parameter in determining the sizes of the particles
that will not penetrate the radial turbine. A more realistic

term would be the orbit characteristic length.

Several possible design modifications that might lead to a
reduction in the amount of erosion that occurs in the radial inflow
turbine by removing erosive particles that accumulate in the vor-
tex-rotor tip region were investigated.

- One design modification that seems to lend itself to the re-
moval of particles in the turbine is the use of a turning vortex.
Such a design would allow the installation of a pocket that might
capture particles which became accumulated in the vortex region.

A study of the trajectories in such a flow region revealed that
particles with characteristic lengths of 60 cm and smaller could

be expected to penetraté this turning vortex region and enter the
rotor blades. 1In addition, particles with characteristic lengths
of about 150 cm or larger could be expected, if they entered the
rotor, to be bounced ocutward by the rotor, and to travel against
the gas flow back into the turning vortex. .However, there appeared
to be a range of particle sizes, with characteristic lengths between
60 and 150 cm, where the particles could not be successfully re-
moved if they penetrated into the free vortex region before the
rotor. Particles with characteristic lengths between about 60 and
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0.5 would probably orbit the axis in this region, accumulating
until the flow became blocked. Particles with characteristic
lengths smaller than about 0.5 cm would probably pass through
the rotor without striking the rotor blades.

In addition,‘the study revealed that in this particular
turning vortex, a slot as indicated on Figure 32 would have a
50% probability of capturing particles with characteristic
lengths greater than 150 cm at all times, and in addition, would
capture about half the particles with characteristic lengths
between 6 and 60 cm that entered the turning vortex region. The
particles that were not captured would then tend to accumulate
in the free vortex before the turbine rotor.

Another design modification that has been proposed for help-
ing to reduce the erosion problem is a forward swept rotor blade.
Such a configuration would tend to deflect particles toward the
axis of the rotor where they would be more likely to pass out of
the rotor exit. A study of this effect revealed that particles
of larger sizes, with characteristic lengths in the range greater
than about 150 cm, could be deflected to about 75% of the tip
radius regardless of their inlet direction. This suggests that
the forward swept rotor tip may be beneficial for the removal of
some of the particles that collect in the vortex region of the
turbine.

Experimental results in the form of high speed motion pictures
“that show the motion of parti¢;es in the nozzle, vortex, and rotor
tip regions of a radial inflow turbine confirm the results that
have been presented for the analytical turbine. Data from one of
these films also indicates the same general trend predicted by the
analytical study for the ratio of the particle velocity and the gas
velocity at the exit from the nozzles.

Figure 40 illustrates the general sizes of particles that will
cause erosion in the various areas of the turbine, and in addition,
shows the sizes of particles that would probably benefit from the
use of the turning vortex and the forward swept rotor blade.
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These results apply to the particular model turbine used in
this study; and different turbine sizes’and_geometries-might yield
slightly different results on the sizes of particle that could be
expected to cause erosion. However, most radial inflow turbines
are relatively small, and therefore, these results should provide
the designer with an approximate understanding of the sizes of
particles that will probably cause erosion damage and the nature
of the impacts that occur.

CONCLUSIONS

The purpose of this research has been to study the trajec-
tories of particles in radial inflow turbines and to investigate
the possible value of several design modifications that might be
used to reduce the severity of erosion.

The study of trajectory patterns in the scroll revealed that
particles with characteristic lengths greater than 30 cm tended to
move radially outward and would strike the outer edges of the scroll
contour with a large number of low velocity, low angle impacts. _
In addition, most of these particles would impact with low velocity,
moderate angle impacts on the portion of the scroll that is sup-
pressed to prevent interference with the scroll inlet. This re=
latively small area of the scroll contour would be subject to a
more severe erosion problem. ,

Investigation of the ﬁrajectories in the nozzleg indicated
that most of the particles with characteristic lengths greater than
30 cm would cause erosion of a few of the nozzle blade passages
near the scroll exit. These particles appear to strike the pres-
Sure and suction surface of the nozzle blades with a low velocity
and moderate angle impacts. The study also indicated that the
trailing edges of the nozzle blades would be subjected to a very
large number of high velocity, moderate angle impacts by any parti-
Cles with characteristic lengths greater than 0.5 cm. This results
because these particles tend to accumulate in the vortex region, and
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the larger particles that do enter the rotor are struck by it and
accelerated to very high tangential velocities.

The study indicated that the particles with characteristic
lengths greater than about 60 cm tended to enter the rotor pas-
sages with very‘smail velocities, about 10% of the gas velocity at
the rotor inlet, but were quickly overtaken by the rotor and
suddenly accelerated to very high tangential velocities. These
particles struck the rotor tip with very high velocities, with
respect to the rotor tip, and with very high incidence angles.

Finally, the study of the trajectories of particles in the
turning vorteﬁ and the influence of a forward swept blade re~
vealed that although not completely effective in removing parti-
cles from the rotor tip regions, these modifications would help
to remove some of the particles that accumulate at this location.
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LIST OF SYMBOLS

Area - metersz.
Acceleration - meters/secondz.

Drag coefficient.

Drag force - newtons.
Diameter - meters.

Rate of change with resgpect to the inertical
reference frame - l/second.

Unit vector.

Centrifugal force - newtons.

General force vector - newtons.
Acceleration of gravity - meters/secondz.
Mass - kilograms.

General vector of arbitrary orientation.

Vector and scalar forms of radius - meters.
Reynolds number.

Time -~ seconds.

Vector and séalar forms ovaeiocity of the gas
with respect to the .particle - meters/second.

Velocity of the gas with respect to the rotating
reference frame - meters/second.

Weight force - newtons.

Axial distance - meters.

Greek Symbols

o

Angle of meridion 1 velocity vector with respect
to radial direction, shown in Figure 10 - degrees.
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Subscripts

cr

g
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Angle of velocity vector with respect to meridional
velocity, shown in Figure 10 - degrees.

Ratio of specific heats.

Rate of change with respect to the rotating reference
frame - l/seconds.

Characteristic length - meters.

Orbit characteristic length, defined by Equation 27 -
meters.

Limit characteristic length, defined by Equation 29 -
meters.

Velocity lag, the ratio of the velocity of the parti-
¢le at a location to the velocity of the gas at the
same location,

Angular pesition - radians,

Dengity - kilograms/meter3.

Angular posgition of the verticle axis of the turbine
with the gravitational verticle axis. Indicated in
Figure 11 - degrees.

Angular position of the turbine's axis with respect
to the gravitational horizonal axis, indicated in
Figure 3 - degrees.

Rotational velocity vector - radians/second.
Rotational speed - radians/second.

Rapresents property evaluated at critical conditions.
Represents gas property.
Represents particle property.
Component in the radial direction.
Component in the tangential direction.

Represents stagnation conditions.



tip Represents term evaluated based on properties at the
rotor tip.

u Component in the tangential direction.

2 Component in the axial direction.

Superscripts and other Symbols

* Represents properties evaluated at critical conditions.

Bar - Indicates vector quantity.
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Table 1. Description of the Model Turbine
Used in the Analytic Study
Description Statlon Radilus Axial | Radial
: (See Fig 2) Span Span
cm cm em
Scroll Inlet - Mean 1 17.1145 | 12,1920 | 12.1920
Contoured Vortex Inlet 2 11.0185 2.2053 -
Nozzle Inlet 3 3.7993 0.8053 -
Free Vortex Inlet Y 8.35€7 0.8053 -
Rotor Inlet 5 7.5209 0,8053 -
Rotor Exit - Mean € 33,5177 - 2, 4637
Table 2, Description of ths Mocel Turbine
Used in the Experimental Study
Degsecription Ststion Reclusg Ax1al Radial
(See Fig . 7) Span Span
cm cm cm
Seroll Inlet - Mean ] 17 .90 8,458 8.458
Contoured Nozzle Inlet 2 13,767 1.905 -
Nozzle Inlet 3 11.227 1.270 -
Free Vortex Inlet 4 8.¢86 1.270 -
Rotor Inlet 5 8,388 1,270 -
Rotor FExit & K, CHP 1.570 -
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Table 3,

Characteristics of Partlicles
Used in the Analytic Study

Code Designation Characteristie Veloecity Lag at Initial Radilal
Length Seroll Inlet Pogitlon
em v/ cm
p’ g

3- 50- 25 3 50 14,0665
3- 50- 50 3 50 17.1145
3~ 50- 75 3 50 20.1625
6- 50~ 25 3 50 14, OEES
€~ 50- 50 € 50 17 .1145
6- 50- 75 € 50 20.1625
15- 50- 25 15 50 14,0€65
15- 50~ 50 15 50 17.1145
15- 50- 75 15 50 20.1£25

30~ 50~ 25 30 50 14,0665
30- 50- 50 %0 50 17.1145
30~ 50~ 75 20 50 20,1625
€0~ 50~ 25 €0 : 50 14, 06€5
£0- 50~ 50 €0 50 17 .1145
60~ 50~ 75 €0 50 20,1625
150- 50- 25 150 50 14, 06€5
150- 50~ 50 150 50 17.1145
150~ 50- 75 150 50 20,1625
300- 50- 25 300 : 50 14, 06€5
300- 50~ 50 300 50 17.1145
300~ 50- 75 200 50 20,1625
3= 0= 50 3 0 17.1145
3.100- 50 3 100 17.1145
30- 0~ 50 30 0 17,1145
30-100- 50 30 100 17.1145
300- 0- 50 300 0 17.1148
300-100- 50 300 100 17,1145
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Table 4, Particle Veloclty and Direction at Scroll Exit

Code Magnitude of Deviation Angle from
Deslgnation Veloceity Direction of Gas
v_/V Degrees
pE
3~ K0~ 25 1.C00 0.31
3= 50~ 50 1.000 0.31
3= 50~ 75 1.000 0.31
3= 0« 50 1.000 0.31
3-100- 70 1,000 0.31
20~ 50~ 25 0.964 -29.05
30- 50~ 50 0.965 -29.95
30- 50- 75 0.959 =31.44
30- 0- 50 0.97¢€ -28.93
30-100- 50 0.955 -32,40
300~ 50~ 25 0.823 -21 .65
200- 50- 50 0.832 -18,04
300~ 50~ 75 0.886 -67.87
300- 0= 50 0.750 -59.84
300~100- 50 0.950 -30.97




Table 5, Particle Velocity and Direction at Stator Exit

Code Magniltude of Deviation Angle from
Designation Veloclity Direction of Gas
v_ /v Degrees
p. g

3= 50~ 25 0.303% - 4,51
3=- 50~ 50 0.737 - 3.81
3~ 50=- 75 0.780 - 4.30
3=~ 0~ 50 0.737 - 3,81
3-100- 50 0.738 ~ 3,86
30- 50~ 25 0.290 =13,46
30- 50- 50 0.291 -17.76
30= 50- 75 0.330 - 8,43
30=-100-~ 50 0.2€6 22,49
300- 50~ 25 0.103 -14.17
300- 50« 75 0,090 -38.,45
300- 0= 50. 0.103 -20,97
Z00-100~ 50 0,103 ~50,30
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Table 6. Particle Velocity and direction at Vortex Exit

Code Magnitude of Deviation aAngle from
Designation Velocity Direction of Gas
v_/V : Degrees
P g
3= 50- 25% 0.803 32,35
3- 50~ 50% 0.737 31.26
3~ 50- 75% 0.780 31.53
3= 0- 50%* 0.737 31.24
3-100- 50* 0.739 31.28
30- 50- 25% 0.259 7.91
30- 50~ SO* 0.260 - 2.99
30- 50- 75 0.330 . 35.21
30-100- 50%* 0.237 -10.16
300- 50- 25 0.092 5.24
300- 50~ 75 0.080 -31.41
300~ 0~ 50 - 0.092 - 8,24
300-100- 50 0.091 -45,32

* 1Indicates particle that does not enter rotor.




Table 7.

Comparison of Analytic Results and -
Assumption of Particle Motion at the

Rotor Inlet

Particle
Characteristic

Length

cm

3
6
15

Assumed Values

Analytic Results
Velocity beviation | Veloeity |
Magnitude Angle Magnitude
Vp/Vg Degrees vp/vg
0-75° 31 0.50
0.65% 31% 0.50
0.43 2 ‘ 0.50

‘Deviation
Angle.
Degrees

ki At e e —r——

* Data based on particle exit from the vortex into the nozzles
because no particles of this size penetrated to the rotor.

Table 8. Blade Contour Used in Stﬁdy |
of Forward Swept Blades
T Kﬁgi&”é“” I
cm Degrees
6.062" 0.0
7.361 0.98
8.656 4.62
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GAS FLOW INTO TURBINE
SCROLL INLET

NOZZLES
VORTE X—~\ / NOZZLES—
ROTOR —~_ VORTEX
% ROTOR
- :\D f
E;{- -
GAS FLOW OUT

OF TURBINE

FIGURE 1. SCHEMATIC. OF TYPICAL RADIAL INFLOW

TURBINE. -



Station 1—\ |
/\ Stations | —
/—2

FIGURE 2 TURBINE MODEL USED IN
ANALYTICAL STUDY
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207° |
\-kv,vcr- = 0125

Nozzle Inlet R=938.799 cm

VIV =0-786

Nozzle Exit R = 8357cm

1517 e V/Ver=0.886
W/ Wcp=0-256
UlNer=0.790

Rotor Iniet R =7.521cm

34.5°

WiWer= /" IVIV..=0.643

0.750
Rotor Exit Mean R=3.518cm

FIGURE 3 VELOCITY DIAGRAMS



Seroll
Contoured Vortex

Station 2 ‘ Free Vortek

Station 3

4_ . W

0.610

Nozzles 7 {
\/ /A | 10.409

—] o.305 I.__ 9.799
TIY

11,019

Center Line

Dimensions in Centimeters

FIGURE 4. CONTOURED VORTEX REGION BETWEEN
NOZZLES AND SCROLL

67



Free Vortex

Free Vortex

FIGURE 5 . NOZZLE BLADE SHAPE AND
SOLUTION STREAMLINES
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—— HOT GAS SOLUTION
‘ ——+ COLD GAS SOLUTION

SV A STREAMLINE

SHOWN IN
FIGURE 14c.

RADIUS c¢m.
N
|

€V
P

2 | | | 1 |
0 1 2 3 4
AXIAL DISTANCE cm.

FIGURE 6a  MERIDIONAL VIEW OF ROTOR
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- —— HOT GAS SOLUTION
—-—— COLD GAS SOLUTION

MERIDIONAL
STREAM SURFACE

STREAMLINES
SHOWN IN
FIGURE 14c¢

FIGURE 6b. AXIAL VIEW OF ROTOR WITH
RESPECT TO ROTATING
REFERENCE FRAME.
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FIGUREBc AXIAL VIEW OF ROTOR WITH

RESPECT TO NON-ROTATING
REFERENCE FRAME.
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Particles
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, ‘ . 5
3.
! 7
6
Plastie Cover
/]
L/
| Section A ~ A

A

FIGURE 7, EXPERIMENTAL TURBINE CONFIGURATION,



| U/Vcr = 0,056
Rotor Inlet

FIGURE 8°, EXPERIMENTAL TURBINE VELOCITY DIAGRAM.

L - 5.715

Dimensions in Centimeters

FIGURE -9, EXPERIMENTAL TURBINE NOZZLE BLADES,
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FIGURE 10.

GAS VELOCITY VECTOR

POSITION VECTOR

COORDINATE SYSTEM AND TYPICAL
GAS VELOCITY COMPONENTS.
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O EXperimental Result
— Equation 19
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FIGURE 12 DF\’AG COEFFICIENT FOR SPHERICAL PARTICLE
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Particles

15-75-50
25— - 15~50-50
15-25-50
E
o 20 =
.?. \
HES &

FIGURE 13a. TRAJECTORIES IN THE SCROLL, WITH $£=15 cm.
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Particles
30-75-50

30-50-50
30-25-50

cm

Radius

Indlcates Bounce

FIGURE 13h, TRAJECTORIES IN THE SCROLL, WITH £ = 30 cm.
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Particles

60-75-50.
25 p—
| 60-50-50
: 60-25-50

Q \
mn
§ZU5—— B l‘ll"
@ .
m.

Indicates Bounce

FIGURE 13¢. TRAJECTORIES IN THE SCROLL, WITH &= €0 cm.
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FIGURE 13d. TRAJECTORIES IN THE SCROLL, WITH & = 300 cm,
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| FIGURE 1i4a,

Particles . ‘ ,
3-50-50, 3-0-50, 3-100-50, Passage 12

3.50-75, Passage 16
3-50-25, Passage 6

TRAJECTORIES IN THE NOZZLES, WITH g = 3 cm.
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FIGURE 14b,

Particles

©-50-50, Passage 13 .
////,- 6-50-25, Passage 7

6-50-75, Paassage 17

Indicates Location of
of Bounce
TRAJECTORIES IN THE NOZZLES, WITH 8 = 6 cm.
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Particles
60—50f50, Passage 26

60f50-25, Passage 2€
60-50-75, Passage 26

R N

| ‘“.iiiiii;::.lliiiiii\
| Indicates Location
of Bounce

FIGURE l4¢. TRAJECTORIES IN THE NOZZLES, WITH 6 = 60 cm.
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Particles :
300-50-25, Passage 29

300-50-75, Passage 26
300~ 0-50, Passage 26

300-100-50, Passage 28

300-50-50, Passage 28

Indicates Location
of Bounce

FIGURE 14d. TRAJECTORIES IN THE NOZZLES, WITH 6 = 300 em.
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Indlecates Location

of -Bounce

FIGURE 15a. TYPICAL TRAJECTORIES OF PARTICLES THAT RE-ENTER THE NOZZLES, WITH &= 3 cm.



98

Indicates Locatlion
of Bounce

Note: Trajectories similar to these

occur for &'s in the range,
& » 6 cm,

FIGURE 15b, TYPXCAL TRAJECTORIES OF PARTICLES THAT RE-ENTER THE NOZZLES , WITH &= 30 cm.,



Particles
6-~50-50
6-50-25

- 6-50-75

Rotor Tip

N/~/F" = 30,800 RPM

FIGURE 16s, TRAJECTORIES IN THE VORTEX, WITH 8 = 6 em.
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Particles
30-100-50
30-50=~50

30=50=25
30=50-75

Rotor Tip

N~/ @ = 30,800 RPM

FIGURE 16p, TRAJECTORIES IN THE VORTEX, WITH &= 30 em.
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300~100~50
- 300-50-75
300~ 0-50
300-50-25

Rotor Tip

N/~/F" = 30,800 REM

FIGURE 1€c, TRAJECTORIES IN THE VORTEX, WITH & = 300 cm,
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Trajectory Starting Points

For End View Figures-—\§§52:::\\\‘ 0

Trajectory Starting Polnts —_ﬁ‘gggégjafap View
For Meridional View PFlgures '_

. | | |
0 7
—

Side View : End View

FIGURE 18, STARTING POINTS FOR PARTICLE TRAJECTORIES.
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Trajectories indicated are
7 for particles that enter
at o° position,
6
8.5
w 4 [
=
b
o
8
3-——-
2—-
1-_
%0 1 2 3 4 5

Axis cm

FIGURE ‘193, MERIDIONAL VIEW OF PARTICLE TRAJECTORIES,
WITH &= 15 cm,



TrajJectorles indlcated are
for particles that enter
at Z = 0,404 cm,

0

FIGURE ‘1gpn., AXTAL VIEW OF ROTOR WITH RESPECT TO
ROTATING REFERENCE FRAME, WITH S = 15 em,
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Trajectories indicated are
for particles that enter
7 - at o° posltion,
6
Bounce off Blade
5 )
=
L4 ]
uw-ﬂ
0n
=
]
oo
g3 —
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o I | |
0 2 3 4 5
Axls cm
FIGURE 20a. MERIDIONAL VIEW OF PARTICLE TRAJECTORTES,

WITH 8= 6 ¢cm,



" All trajectories indicate
¢ many bounces off shroud
in this region.

Bounce off Blade

2 .
TraJjectorles indicated are

for particles that enter

o

FIGURE 20b. AXTAL VIEW OF ROTOR WITH RESPECT TO
ROTATING REFERENCE FRAME, WITH & = 6 cm,
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Trajectories indicated are
for particles that enter

|

at 0° position,

\ Bounce off Blade

%5

2
Axis
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FIGUHE 2la, MERIDIONAL VIEW OF PARTICLE TRAJECTORIES,
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Bounce'off Blade

3

2 Trajectories indicated are
for particles that enter
at Z = 0.404 em,

0

FIGURE »1p, AXIAL VIEW OF ROTOR WITH RESPECT TO
| ROTATING REFERENCE FRAME, WITH & = 3 cm,
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Radlus

Particle with §;,= 6.71 em
gets stuck 1n rotor.

T332
7.01

6.71
6.400

T7.00 —
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0 0.50 1,00 1.50
Axlal Distance am

FIGURE 22, MERIDIONAL VIEW OF PARTICLE TRAJECTORIES
FOR PARTICLES NEAR THE THRESHHOLD SIZE,



Legend
O Seroll Exit
O Nozzle Exit
[> vortex Exit to Rotor
P Vortex Exit to Nozzles
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FIGURE : 23, VELOCITY LAG IN ANALYTIC STUDY.
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FIGURE 24, VARIATION OF LIMIT CHARACTERTISTIC LENGTH
WITH CHARACTERISTIC LENGTH
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Legend
Q0 Nozzle Exit
{> Vortex Exit into Rotor

50 Pp Vortex Exit into Nozzles
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Gas Flow
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ee Vortex

Radlal Turbine Rotor

Gas Flow

/:;s Flow

i

FIGURE &26.

AXTAL NOZZLES COMBINED WITH
RADIAL INFLOW TURBINE ROTOR,
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Axlal Distance cm

FIGURE . 272, TURNING VORTEX MERIDIONAL VIEW,

VN, = 0.1561 96 o° VAN, = 0.690
vu/vcr = 00671
Inlet Mean
Vr/vcr = 0,1941 75, 8° N, = 0.794
Vi Vop = 0,766
Exit Mean

FIGURE 27b TURNING VORTEX VELOCITY DIAGRAM,
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FIGURE 28a, TRAJECTORIES WITH &= 300 cm,
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FIGURE 28b, TRAJECTORIES WITH & = 150 cm.
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FIGURE &8c. TRAJECTORIES WITH
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FIGURE 284. TRAJECTORIES WITH & = 30 cm.
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FIGURE 28g. TRAJECTORIES WITH § = 3 cm. FIGURE 28h TRAJECTORIES WITH € = 1.5 cm.
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0

FIGURE 29a, TRAJECTORIES CONTINUED FROM FIGURE 2gb, INTO
FREE VORTEX, WITH 5 = 150 cm.
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Free Vortex
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i

0

FIGURE 29p, TRAJECTORIES CONTINUED FROM FIGURE 28¢. INTO
FREE VORTEX, WITH &= 60 cm.
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FIGURE 31a. TRAJECTORIES CONTINUED FROM FIGURE 30,
) WITH 8 = 300 cme
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FIGURE: 31b. TRAJECTORIES CONTINUED FROM FIGURE 30
WITH & = 150 cm,
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FIGURE 3., TRAJECTORIES CONTINUED FROM FIGURE 30,
WITH & = 60 em.
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FIGURE ‘32, SUMMARY OF DATA ON PARTICLE BOUNCES.
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FIGURE 33. PARTICLE TRAP EFFECTIVENESS VERSUS SIZE
FOR SLOT CENTERED AT 35,
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Blade Shape
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FIGURE 3%. EFFECT OF INLET VELOCITY ON PENETRATION.
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FIGURE 5. EFFECT OF INLET VELOCITY ON PENETRATION.
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FIGURE 36. EFFECT OF INLET VELOCITY ON PENETRATION,
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Time Between Points = 3,77 x 10"4 sec.
Particle Characteristic Length = 290 cm,

Approximate Radius

<>‘\
Linear Scale cm O \
0 1 2 3 4 ' o\
\
L1 b1 ] o \

FIGURE 38a, EXPERIMENTAI, TRAJECTORIES IN THE NOZZLES
TYPICAL TRAJECTORIES OF PARTICLES THAT BOUNCE ONCE;
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Time Between Points = 3,77 x 1074 sec,

Particle Characteristic Length = 290 em, -
Pbopoppp
-—-""/-— l .

b D '
DD——E—EDDDD

Particle In Secrolil

Approximate Radius = 8,3 cm,

Linear Scale c¢m O\
O 1. 2 3 4 O

I N T

FIGURE 38b. EXPERIMENTAL TRAJECTORIES IN THE NOZZLES
TRAJECTORIES OF PARTICLES THAT BOUNCE SEVERAL TIMES.
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Time Between Points = 1,88 x 10'“ sec,
Particle Characteristic Length = 290 em,

Approximate Radius = 8,3 cm,

- O
\)‘ o\
Linear Scale e¢m O O~

0 1 2 3 il o) o

Lt 1 ] 0

FIGURE 3fjc, EXPERIMENTAL TRAJECTORIES IN THE VORTEX.
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FIGURE 9. EXPERIMENTALLY DETERMINED VELOCITY LAG.
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FIGURE 40, SUMMARY OF RESULTS.




